It is well known that an excessive intake of sodium chloride (sodium) is a risk factor for cardiovascular disease because it raises the blood pressure. However, sodium loading reportedly promotes cardiovascular disease independently of its effect on blood pressure. To examine the mechanisms by which sodium loading promotes vascular inflammation independently of its effect on blood pressure, we examined the role of calcineurin in sodium loading-induced vascular inflammation using a wire injury model of the rat femoral artery. Calcineurin mRNA expression in the wire-injured femoral artery was significantly higher in sodium-loaded normotensive rats such as Wistar Kyoto (WKY) rats than that in control WKY rats. Neointimal formation was also significantly enhanced in sodium-loaded WKY rats as compared with control WKY rats.
INTRODUCTION
It has been well established that an excess intake of sodium chloride (sodium) induces hypertension in some populations. Although sodium seems to induce cardiovascular disease through the elevation of blood pressure, it has been known that sodium can induce cardiovascular disease independent of blood pressure elevation (23). It has been reported that dietary sodium intake is a potent and independent determinant of cardiac hypertrophy in humans (2, 25) . It has also been reported that cardiac hypertrophy occurs by sodium loading in Wistar Kyoto (WKY) rats without elevation of systemic blood pressure (12, 29, 33) . Furthermore, It has been reported that the pulse-wave velocity of normotensive subjects on a low-salt diet was lower than that of a control group, matched for age and blood pressure, on a normal salt diet (1) . However, It is not fully examined whether sodium loading has a blood pressure-independent effect on the vascular pathophysiology such as atherosclerosis and restenosis after angioplasty. It also remains unclear about the mechanism whereby sodium loading has a blood pressure-independent effect on the vascular system. Sodium loading may increase cytosolic Ca 2+ concentration via activation of the Na + /Ca 2+ exchanger (NCX) (3) , which may in turn activate Ca 2+ -dependent pathways such as calcineurin and mitogen-activated protein kinase (MAPK). Thus these Ca 2+ -dependent pathways may trigger sodium-induced inflammation in blood vessels in a normotensive state. Although hypertension is a major risk factor for cardiovascular disease, the precise molecular mechanisms by which hypertension induces vascular inflammation are not fully understood. It is well known that shear stress and stretch increase the concentration of cytosolic Ca 2+ (20, 26, 32) , and activate several intracellular signaling pathways, such as calcineurin and MAPK, in a variety of cell types (8, 10, 11, (17) (18) (19) 22) . Since hypertension induces increased stretching of the vascular wall, it may also induce vascular inflammation via the Ca 2+ -dependent pathways.
Calcineurin is a serine/threonine phosphatase that is activated in a Ca 2+ /calmodulin-dependent manner and is involved in activation of immune-response 4 genes in B and T cells (6, 13, 14) . It has become clear that calcineurin plays a pivotal role in the development of cardiac hypertrophy by activating transcription factors called nuclear factors of activated T cells (NFAT). Calcineurin dephosphorylates NFAT, which in turn promotes nuclear translocation of NFAT. The NFAT transcription factors then cooperate with nuclear transcription factors such as GATA-4 and stimulate the transcriptional activation of various genes involved in the development of cardiac hypertrophy (15) . In contrast to its influence on the pathophysiology of the heart, the role of calcineurin in the pathophysiology of blood vessels remains largely unknown.
Monocyte chemoattractant protein-1 (MCP-1) is a peptide that induces migration of monocytes/macrophages in the vessel wall and is reportedly implicated in the formation of vascular diseases such as atherosclerosis and restenosis after angioplasty (30) . It has been reported that MCP-1 plays a pivotal role in neointimal formation by stimulating the infiltration of macrophages into blood vessels (4, 7, 16) .
We have recently reported that calcineurin stimulates the expression of MCP-1 in vascular myocytes (24). We have also shown that calcineurin is involved in the formation of neointima after mechanical injury to the rat femoral artery by the upregulation of MCP-1, thus stimulating macrophage infiltration (24).
We therefore hypothesized that a high sodium intake induces vascular inflammation via a calcineurin-dependent pathway even if there is no increase in blood pressure. To test this hypothesis, we used a wire injury model of rat femoral artery and examined the extent of neointimal formation under low and high sodium intake. We also infected the femoral artery with an adenovirus expressing a dominant negative and a constitutively active mutant of calcineurin and examined their effect on the formation of neointima.
MATERIALS AND METHODS

Reagents
Angiotensin II (Ang II) was purchased from Peptide Institute (Osaka, Japan).
Animals
All animal studies were performed in accordance with the guidelines for animal care of the Tokyo University. Male WKY rats and spontaneously hypertensive rats (SHR)
were purchased from Charles River Laboratories (Wilmington, MA). Each of these strains was divided into two groups: a control group maintained on tap water and a sodium-loaded group given drinking water containing 0.9% sodium chloride. Rats in each group received standard chow containing 0.53% sodium chloride. Rats in the sodium-loaded groups received 0.9% sodium chloride solution beginning at the age of 4 weeks and continuing until the animals were 10 weeks of age. A wire injury of the rat femoral artery was induced at the age of 8 weeks.
Cell culture
Vascular smooth muscle cells (VSMCs) were cultured from rat thoracic aortas following the explant method, as previously described (21).
Construction of a dominant-negative mutant of human calcineurin A
Details of the cloning of amino terminally hemagglutinin-epitope tagged human calcineurin A 1-398 (CalAΔC), a constitutively active mutant lacking the carboxyl-terminal calmodulin binding domain, were previously described (28) . To construct a dominant-negative mutant of human calcineurin A, histidine 92 of CalAΔC was replaced with glutamine (CalAΔC92Q) (31) . The primer used to introduce the point mutation is as follows:
5'-CTGTTTGTGGGGACATTCAaGGACAATTCTTTGATTTG-3'. The bold lowercase letter indicates a nucleotide substitution to introduce the point mutation. The entire DNA sequence was determined by cycle sequence reaction using a CEQ8000 DNA sequencer (Beckman Coulter, Fullerton, CA).
Construction of a replication-defective adenovirus
Construction of a replication-defective adenovirus that expresses a constitutively 6 active mutant of human calcineurin A (AdCalAΔC) has been described previously (28) .
A replication-defective adenovirus that expresses CalAΔC92Q (AdCalAΔC92Q) was constructed according to the method previously described, using an AdMax kit (Microbix Biosystems Inc., Ontario, Canada) (28) . A recombinant adenovirus that expresses green fluorescence protein (AdGFP) was obtained from Quantum Biotechnologies (Montreal, Canada). A recombinant adenovirus expressing β-galactosidase (Adβ-Gal) was purchased from Cell Biolabs, Inc. (San Diego, CA).
Measurement of calcineurin activity
Calcineurin activity was measured using an assay kit (BIOMOL International, 
Rat femoral artery injury
Transluminal mechanical injury to the rat femoral artery was performed as previously described (24). Rats were anesthetized with pentobarbital injected intraperitoneally and a groin incision was made under a surgical microscope. A guidewire (0.46-mm diameter) was introduced through a small muscular branch of the femoral artery proximally to the aortic bifurcation and withdrawn. Adenoviruses (1X10 8 plaque forming unit) were injected in the femoral artery at this time.
Histochemical analysis
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The femoral arteries were fixed by perfusing 4% paraformaldehyde and processed for paraffin embedding. Cross sections (2 μm) were cut, deparaffinized, rehydrated, and stained with hematoxylin and eosin. For immunohistochemistry, sections were incubated with mouse anti-rat ED1 antibody (Serotec, Oxford, UK) diluted at 1:800.
Sections were then incubated with biotinylated anti-mouse secondary antibody and finally horseradish peroxidase-labeled streptavidin according to the instructions provided by the manufacturer (DAKO, Copenhagen, Denmark). The sections were counterstained with hematoxylin.
RNA extraction and real time PCR:
Total RNA was extracted using TRIZOL Reagent (Gibco-BRL, Rockville, MD) according to the instructions provided by the manufacturer. To extract total RNA from the rat femoral artery, the femoral artery was homogenized in the TRIZOL Reagent. After phenol/chloroform extraction, a small amount of total RNA was co-precipitated with transfer RNA (SIGMA, St. Louis, MO).
Total RNA was subjected to reverse transcription using an Omniscript RT kit (QIAGEN, Tokyo, Japan). Expression of MCP-1 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was examined by real time PCR using an SYBR Green dye as previously described (24). PCR primers used to amplify rat calcineurinA were as follows; Sense: 5'-TGGTGAAAGCCGTTCCATTT-3', Antisense:
Western blot analysis: Western blot analysis was performed as previously described (27).
Statistical analysis:
The values are the mean±SEM. Statistical analyses were performed using analysis of variance followed by the Student-Neumann-Keul's test.
Differences with a P value of <0.05 were considered statistically significant.
RESULTS
Time course of blood pressure
Systolic blood pressure of WKY rats measured by the tail-cuff method was not significantly altered by sodium loading at any time point examined. Systolic blood pressure of SHR slightly but significantly increased by sodium loading as compared with control SHR from the ages of 8 to 10 weeks (Figure 1 ). Body weight and heart rate were not significantly changed by sodium loading in WKY rats or SHR (data not shown).
Sodium loading promotes neointimal formation in normotensive rats
We next examined the effect of sodium loading on neointimal formation in the rat femoral artery. Neointimal formation [the ratio of the intimal to the medial area (I/M ratio)] significantly increased in sodium-loaded WKY rats as compared with that in control WKY rats ( Figure 2 ). The extent of neointimal formation observed in sodium-loaded WKY rats was similar to that observed in control SHR. Neointimal formation in control SHR significantly increased as compared with that in control WKY rats. The extent of neointimal formation in sodium-loaded SHR was significantly greater than that in sodium-loaded WKY rats. Sodium loading tended to increase neointimal formation in SHR, although the difference was not statistically significant.
These results suggest that sodium loading stimulates neointimal formation even in normotensive rats and that hypertension per se also stimulates neointimal formation.
Calcineurin expression in the femoral artery
We originally tried to measure calcineurin activity in the wire-injured femoral artery. However, calcineurin activity was under detectable levels, since very little amount of protein was extracted from the femoral artery. We, therefore, examined calcineurin mRNA expression in the femoral artery by real time PCR. Calcineurin A expression in the wire-injured femoral artery was significantly increased in sodium-loaded WKY rats, control SHR and sodium-loaded SHR compared with control WKY (Figure 3 ), suggesting the possibility that sodium loading stimulates calcineurin activity in the wire-injured femoral artery, and that hypertension per se also 9 stimulates calcineurin activity.
Sodium loading stimulates neointimal formation via a calcineurin-dependent pathway
Since we found that calcineurin is implicated in neointimal formation (24) 
DISCUSSION
In the present study, we showed that sodium loading promoted neointimal formation in the wire injury model of the rat femoral artery. A high sodium intake significantly stimulated neointimal formation even in WKY rats, whose blood pressure was unaltered by sodium loading. In parallel with these results, calcineurin expression in the femoral artery was significantly increased by sodium loading; in WKY rats, it increased without any change in their blood pressure. Furthermore, the blockade of calcineurin activity by AdCalAΔC92Q infection significantly inhibited neointimal formation in sodium-loaded WKY rats to a level similar to that in control WKY rats.
These results suggest that sodium loading induces neointimal formation independent of its effect on blood pressure and that calcineurin plays a critical role in sodium-induced neointimal formation. It has been shown that MCP-1 plays a pivotal role in neointimal formation by stimulating the infiltration of macrophages into blood vessels (7, 16) . We therefore examined macrophage infiltration in the neointima and First, a high sodium intake increases cytosolic Ca 2+ concentration via activation of the Na + /Ca 2+ exchanger (NCX) (3), which may result in the activation of calcineurin. It has recently been shown that type 1 NCX seems to be implicated in Ca 2+ mobilization into the cytosolic space from extracellular fluid in sodium-dependent hypertension (9).
Second, increased blood pressure (pressure overload) augments stretch to the vessel wall, which may activate calcineurin (8, 10, 11, 17-20, 22, 26, 32) . Along these lines, it has been reported that pressure overload activates calcineurin in the heart. Pressure 13 overload induced by aortic banding reportedly stimulated cardiac calcineurin activity and cardiac hypertrophy, while the blockade of calcineurin activation ameliorated cardiac hypertrophy (5, 34) . Future studies will be needed to examine these possibilities.
Because the wire injury model is not a model of atherosclerosis, our results do not directly indicate the role of calcineurin in sodium-induced progression of atherosclerosis. Studies using a model of atherosclerosis such as apolipoproteinE null mice will be required to clarify this point.
Although the restriction of dietary sodium intake has been recommended to hypertensive patients, especially those who are sodium-sensitive, it remains to be determined whether sodium intake should be restricted in normotensive population.
Our results suggest that the intake of excessive amounts of sodium can induce cardiovascular diseases even in the normotensive population. Thus it appears that sodium intake should be restricted in normotensive patients, especially those who have other cardiovascular risk factors, such as diabetes.
In conclusion, sodium loading induces neointimal formation even in normotensive state via a calcineurin-dependent pathway, and hypertension further promotes neointimal formation. Although several calcineurin inhibitors are clinically used as immunosuppressants, they have some adverse effects, such as nephrotoxicity and hypertension. It will be necessary to develop novel calcineurin inhibitors to reduce cardiovascular events. 
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FIGURE LEGENDS
Figure 1
Time course of systolic blood pressure. Systolic blood pressure of the control (NaCl (-)) and sodium-loaded (NaCl (+)) rats was measured by the tail-cuff method (n=6 each). *: P<0.05 vs. control WKY rats, #: P<0.05 vs. control SHR.
Figure 2
Effect of sodium loading on neointimal formation in normotensive and hypertensive rats. A) The femoral artery of the control (NaCl (-)) and sodium-loaded (NaCl (+)) rats was wire-injured and the femoral artery was harvested two weeks later for histological analysis. B) The I/M ratio was compared between the groups (n=6 each). Scale bars are 50 μm.
Figure 3
Calcineurin expression in the wire-injured femoral artery. The femoral artery of control (NaCl (-)) and sodium-loaded (NaCl (+)) rats was harvested and total RNA was extracted for real time PCR analysis. CalcineurinA expression in the femoral artery was compared among the groups (n=6 each). Expression of GAPDH was used as the internal control. 
Figure 7
Sodium loading stimulates MCP-1 expression via a calcineurin-dependent pathway in the wire-injured femoral artery. A) The femoral artery of control (-) and sodium-loaded (+) rats was wire-injured and AdGFP or AdCalAΔC92Q was injected into the femoral artery. The femoral artery was harvested three days later and total RNA was extracted for real time PCR analysis. MCP-1 expression in the femoral artery was compared among the groups (n=8 each).
Expression of GAPDH was used as the internal control. analysis. MCP-1 expression in the femoral artery was compared between the groups (n=8 each). Expression of GAPDH was used as the internal control.
